Partial utilization efficiencies of protein and methionine by barramundi (Lates calcarifer) in response to dietary methionine source and form by Poppi, David A & Glencross, Brett D
Partial utilization efficiencies of protein and methionine by barramundi (Lates calcarifer) in 
response to dietary methionine source and form.   
David A. Poppi*1,2, Brett D. Glencross3. 
1 The University of Queensland, Queensland Alliance for Agriculture and Food Innovation, Centre 
for Animal Science, St. Lucia, QLD 4067, Australia. 
2 CSIRO Agriculture and Food, St. Lucia, QLD 4067, Australia. 
3 Institute of Aquaculture, Stirling University, FK9 4LA Stirling, United Kingdom. 
*Corresponding Author: david.poppi@uq.net.au
Postal Address: CSIRO Agriculture and Food, Building 80, Services Road, St. Lucia, QLD 4067, 
Australia. 
Phone: +61 7 3833 5527 
Abstract 
An experiment was conducted with barramundi (Lates calcarifer) juveniles (initial weight 10.3g ± 
0.3g) to examine the partial efficiency of utilization of methionine (Met) from both intact protein 
(fishmeal or lupin protein concentrate) and a crystalline DL-Met source.  Fish were fed there allocated 
diet at one of three ration levels: Low (0.2g/fish/day), Moderate (0.4g/fish/day) and High (0.8 
g/fish/day).  Fish fed the fishmeal-based diet (Diet FML) at the highest ration level grew to an average 
weight of 37.3 ± 0.46 g while those fed the Lupin Protein Concentrate (LPC)-based diet fortified with 
all EAA (Diet LPCM) at the highest ration level grew to 25.4 ± 2.27 g.  The weight of the fish fed the 
LPC diet with no additional Met (Diet LPC) at the highest ration level declined over the course of the 
experiment resulting in a final weight of 9.2 ± 0.88g, clearly demonstrating the impact of dietary Met 
deficiency.  The partial efficiency of protein utilization was also significantly reduced when Met was 
limiting.  Additionally, this parameter was lower than that of Met utilization in diets where Met was 
provided by intact protein, suggesting this was first limiting amino acid in these diets.  The results 
suggested that the partial efficiency of both Met and protein utilization in diets where crystalline Met 
is the primary source of Met were significantly poorer than that from an intact protein source when 
Met is provided in excess.  
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1. Introduction 
Methionine (Met) is typically the first limiting amino acid in non-cereal plant products such as 
soy- and lupin-derived protein meals (Lásztity et al., 2001; Takagi et al., 2001).  In addition to its 
essential function as a component of protein, it plays a number of important roles in various metabolic 
processes including the initiation of protein synthesis (Drabkin and RajBhandary, 1998) and acting as 
a precursor for S-Adenosylmethionine (SAM), which is the principle methyl donor for a range of 
metabolic reactions (Stipanuk, 1986).   Dietary deficiencies in this amino acid have been shown to 
cause cataracts in rainbow trout (Oncorhynchus mykiss) (Cowey et al., 1992), as well as stimulating 
the expression of a number of factors involved in the ubiquitin-proteosome and autophagy lysosomal 
proteolytic pathways (Belghit et al., 2014).  Consequently, close attention must be paid to its inclusion 
in the diet of fish.  Supplementation of DL-Met into diets with high levels of non-cereal plant meals 
has been reported to ameliorate some of the problems associated with the use of these protein sources 
(Mambrini et al., 1999; Takagi et al., 2001).  It has, however, been shown that the utilization of amino 
acids by various fish species can differ significantly in response to the source of those nutrients, 
varying according to the protein source (Larsen et al., 2012) and whether the amino acids are protein-
bound or crystalline (Chowdhury et al., 2013; Zarate and Lovell, 1997).  It is thus equally as 
important to consider the proportion of dietary Met which is utilised by the fish in order to accurately 
determine the amount required in the diet for maximum growth. 
It is also vital for the development of reliable nutrient utilization and fish performance models that 
more standardized assessments of response to varying nutrient supply and source are established.  
Partial (or marginal) efficiency of utilization (PEU), calculated using the slope of the linear 
relationship between the rate of intake and rate of retention of the nutrient of interest (Sawadogo et 
al., 1997), is a measurement of the efficiency with which an animal deposits into body tissue the 
proportion of a nutrient present in the diet which is in excess of the basal requirement (Rodehutscord 
and Pfeffer, 1999).  By considering the maintenance demand, this measure of utilization accounts for 
some of the variability associated with differences in basal metabolism between studies, which can be 
influenced by several factors including environmental conditions or animal size (Archer et al., 1999; 
Bermudes et al., 2010; van den Borne et al., 2006), although the latter can also be corrected for with 
the use of a metabolic body weight exponent for the parameter of interest (Clarke and Johnston, 
1999).  In addition, analysis of efficiency based on the trend of the data over a range of nutrient 
intakes provides a more reliable interpretation of utilization as it is independent of the level of feed 
intake which can affect total efficiencies of utilization (NRC, 1981).  While widespread in the 
assessment of the utilization of dietary protein and energy in fish (e.g. Bureau et al., 2006; Lupatsch et 
al., 2001; Rodehutscord and Pfeffer, 1999), partial efficiency of utilization has been applied sparingly 
to the assessment of individual amino acid utilization in these animals (Grisdale-Helland et al., 2011a; 
Grisdale‐Helland et al., 2011b; Hauler and Carter, 2001; Hauler et al., 2007; Helland et al., 2010).      
  
The aim of this study was to determine the comparative utilization by barramundi of protein and 
Met in three diets, one being made using fishmeal as the main source of protein and two based on 
lupin protein concentrate (LPC): one limiting in Met, the other balanced for essential amino acids, 
using crystalline amino acid sources, to demonstrate any potential difference with which Met was 
utilised (or not) with reference to the form (L vs. DL-Met) and source of the dietary Met (protein-
bound vs. crystalline). It was hypothesized that the efficiency of protein utilization would be 
significantly affected by the source of Met. The efficiency of Met utilization has not previously been 
investigated in this species, nor has the application of partial efficiency to individual amino acid 
utilization.   
 
2. Materials and Methods 
2.1. Diets 
Three diets were formulated to the same digestible protein and energy densities: two based on a 
lupin protein concentrate (LPC) and the other containing fishmeal (FML) as the primary source of 
protein (Table 1).  Digestible protein and energy contents were estimated based on data obtained from 
previous analyses (Glencross et al., 2017). Both of the LPC-based diets were fortified with crystalline 
amino acids in order to ensure all essential amino acids (EAA), with the exception of Met, were 
present in the diet well above estimated requirements.  One of these diets (Diet LPCM) was 
additionally supplemented with DL-Met at a level well above requirement.  The other LPC-based diet 
(Diet LPC) had no additional DL-Met and was substantially deficient in this EAA.   
Water (30% of mash dry weight) was added to the diet mash in order to form a dough.  This 
dough was screw-pressed through a 4mm diameter die before being dried at 700C for 24 hours, air 
cooled and stored at -200C.   
2.2. Fish Handling 
Eighteen 60L aquaria were stocked with fifteen (15) juvenile barramundi (Lates calcarifer) with 
an initial average weight of 10.3g (±0.2g), randomly assigned to duplicate tanks per treatment.  The 
experimental tanks were set up with ~ 2 L/min flow of seawater (salinity = 35 PSU) with the intent of 
maintaining water temperature at around 30°C for the duration of the experiment.  Fish were fed using 
a pair-fed restricted feeding approach with three different feed ration levels for each of the three diets 
(Low: 0.2; Moderate: 0.4; and High: 0.8 g/fish/day) split equally between two feeding events daily 
(0800 and 1500) five days a week; and once daily on weekends, for 28 days. 
  
2.3. Sampling 
Five fish representative of the initial weight at the beginning of the experiment, and three fish 
from each tank at the conclusion were collected and euthanised by ice immersion.  Fish from each 
tank were collectively minced.  A sample of this mince was oven dried at 1050C for 24h for 
determination of carcass dry matter and the remainder was freeze dried before analysis of sample dry 
matter, nitrogen, lipid, ash, amino acid and gross energy composition.  
2.4. Chemical analyses 
Diet and carcass compositional analyses were undertaken by the Chemistry Centre (East Perth, 
WA, Australia), a National Association of Testing Authorities accredited analytical service provider.  
Dry matter contents were determined by gravimetric analysis after oven drying at 1050C for 24h. 
Gross ash contents were determined based on mass change after sample combustion in a muffle 
furnace at 5500C for 12 hours.  Total lipid contents were measured following extraction of the lipid 
portion of the samples using the method proposed by Folch et al. (1957).  Total nitrogen was 
determined by Leco auto-analyzer (Leco Corp., St. Joseph, MI, USA) and used to calculate sample 
protein content based on N x 6.25. Gross energy was determined using adiabatic bomb calorimetry.  
Amino acid compositions were analysed by HPLC, following acid hydrolysis according to AOAC 
(1990). 
2.5. Protein and Methionine Utilization 
Body mass-independent (marginal) gains of Met and protein were calculated according to the 
following formula:  
 
Marginal gain = Gainparameter / GMW0.7 / t 
 
Where: Gainparameter is the Met or protein gained (g/fish); GMW is the geometric mean live-weight 
of the animal which, when transformed to an exponent of 0.7, will herein be referred to as protein-
metabolism-body-weight (PBW); and t is the duration of the experimental period. 
 
Marginal intakes were calculated in the same way, with gain components of the equation 
substituted by intake as follows: 
 
Marginal intake = Intakeparameter / GMW0.7 / t 
 
The slope derived from regression of the rate of marginal Met or protein deposition against the 
rate of marginal digestible Met or protein intake was taken to be the partial efficiency of its utilization 
  
(PEU) or marginal efficiency constant (NRC, 2011).  A PBW exponent of 0.7, as defined for this 
species by Glencross and Bermudes (2011), was used in the calculations of marginal protein and Met 
intakes and retention in order to make these calculations independent of fish body size for future 
comparison (Glencross, 2008).  Maintenance demands for DP and Met were defined as being the x 
intercept at zero protein (or Met) gain.  
2.6. Statistical Analysis  
All figures contained within tables are means ± S.E.  Effects of nitrogen source, Met form and 
ration levels on performance parameters were determined by MANOVA in the R statistical package 
(manova; R Core Team, 2014).  Significant differences were identified using Fisher’s LSD test for 
planned comparisons, with a significance limit of p<0.05.  Estimates of partial efficiency of utilization 
of protein and Met were determined following simple linear regression (lm; R Core Team, 2014).  
Replicate slopes (PEUs) were generated using a bootstrapping approach (Glencross and Bermudes, 
2011) and compared by ANOVA (aov; R Core Team, 2014) with significant differences determined at 
the p<0.05 level using Tukey’s HSD test.  Regression figures were created using Microsoft Excel.    
3. Results 
Fish fed the FML diet at the highest ration level gained the most weight over the course of the 
experimental period, growing to an average weight of 37.3 (± 0.46)g (Table 2) while the fastest 
growing fish fed the LPCM diet, also those at the highest ration level, grew to 25.4 (± 2.27)g.  The 
weight of the fish fed the LPC diet (LPC with no additional Met) at all ration levels declined in weight 
over the course of the experiment. 
3.1. Protein utilization  
The relationships between the PBW-adjusted rates of digestible protein intake and protein gain by 
fish fed each of the three diets at differing ration levels is presented in Figure 1.  The partial efficiency 
of protein utilization by fish fed the fishmeal-based diet derived from this relationship was described 
by the linear equation: y = 0.6702x - 0.0088, R² = 0.98; where y denotes protein gain in g/kg0.7/day and 
x denotes digestible protein intake in g/kg0.7/day.  Similarly, those of fish fed the Met supplemented 
and non-supplemented LPC-based diets were described by the linear equations:  y = 0.3886x - 0.0008, 
R² = 0.96 and y = 0.0588x - 0.4692, R² = 0.40, respectively.  The slope of these equations illustrates 
that the partial efficiency (coefficient) of protein utilization was highest for fish fed the fishmeal-
based diet (0.67), followed by that of the LPCM diet (0.39), while that of fish fed the LPC diet was 
only 0.06.  All slopes were significantly different (p<0.05) from one another (Table 2). 
  
3.2. Methionine utilization 
The relationships between the PBW-adjusted rates of digestible Met intake and gain by fish in 
each of the treatments is presented in Figure 2.  The partial efficiency of Met utilization for fish fed 
the fishmeal-based diet was described by the linear equation: y = 0.8944x + 0.0008, R² = 0.90; where 
y represents Met gain in g/kg0.7/day and x represents digestible Met intake in g/kg0.7/day.  That of fish 
fed the Met supplemented and non-supplemented LPC-based diets were described by the linear 
equations:  y = 0.2556x + 0.0038, R² = 0.86 and y = 0.3175x - 0.0173, R² = 0.52, respectively.  The 
partial efficiency (coefficients) of Met utilization of 0.26 and 0.32 derived from these equations for 
the LPCM and LPC diets respectively were not significantly different (p<0.05). The fishmeal based 
diet had a significantly higher (p<0.05) partial efficiency (coefficient) of Met utilization of 0.90 (Fig. 
2). 
4. Discussion 
Defining the efficiency with which an animal utilizes specific dietary components, such as 
individual amino acids, is an important element of accurate nutrient utilisation and fish performance 
models.  Several factors can influence this process in fish, including animal size and water 
temperature, as well as the source and form of the nutrient in question.  This study aimed to define the 
influence of the latter two factors on the efficiency of utilization of Met in barramundi. 
In the present study, it was observed that the source of dietary Met had a significant effect on the 
efficiency with which this amino acid is used by barramundi.  The partial efficiencies of both protein 
and Met utilization in diets where the majority of dietary Met was provided by crystalline DL-Met, 
were significantly poorer than those from the intact protein source, fishmeal.  Similar observations of 
the differential utilization of amino acids from different sources have been reported by several authors 
(Zarate and Lovell, 1997; Rønnestad et al., 2000; Williams et al., 2001; Webb and Gatlin, 2003).  
Rainbow trout fed a diet containing lysine from flash-dried blood meal, for example, were observed 
by El-Haroun and Bureau (2007) to exhibit significantly greater weight gain and nitrogen retention, in 
comparison to those fed a diet where the lysine was supplied by L-lysine HCl.  This trend is likely a 
reflection of the more rapid passage of free amino acids through the digestive system and their 
subsequent earlier absorption in comparison to those bound in proteins (Zarate et al., 1999).  The 
disparity in the timing of individual amino acid absorption results in disruption of the balance of 
amino acids required for optimal protein synthesis which Ambardekar et al. (2009) suggested may 
lead to catabolism of these amino acids and consequent reduction in the utilization efficiency. 
Reduction in utilization of free amino acids has previously been suggested to be influenced by 
leaching of these unbound nutrients into the water column before ingestion by the animal (Peres and 
Oliva-Teles, 2005), although this is unlikely to be a major issue in this case as feed was consumed 
almost immediately upon contact with the water.  Both of these factors can be overcome, however, 
  
through coating of the crystalline amino acids with substances such as zein, carboxymethyl cellulose 
or k-carrageenan (Alam et al., 2004; Millamena et al., 1996).  This has the combined effect of more 
effectively binding the amino acids in the dietary matrix, thus preventing their premature loss, as well 
as requiring more prolonged digestion, thereby slowing the passage of the amino acid through the 
digestive system and ensuring absorption of these nutrients occurs in parallel with those derived from 
the hydrolysis of whole proteins in the stomach.  This could also explain the differences in the pattern 
of response in the rate of Met gain to increasing digestible Met intake between the LPCM and FML 
diets in the present study, despite the fact that they both contained dietary Met levels well in excess of 
the requirement.  A recent study (Poppi et al., 2017) concluded the minimum Met requirement for 
maximising growth in barramundi to be 10.5g/kg DM (1.8% of protein) in a diet containing 59% 
crude protein and 6.6g/kg cystine (Cys) (equal to 17.1g/kg dry diet (2.9% of protein) total sulphur 
amino acids (TSAA), (Met+Cys)).  The Met-supplemented LPC diet in this study (Diet LPCM) had a 
dietary Met level of 23.7g/kg DM (4.12% of protein), more than twice the Met-specific requirement, 
yet fish in this treatment did not perform as well as those in the FML treatment, which had a dietary 
Met content of only 18.2g/kg DM (although this is also well above the requirement).  Both diets had a 
gross excess of Cys, making them both also considerably in excess of the TSAA requirement.  The 
reduced performance of the fish in the LPCM treatment may be an indication that a significant 
proportion of the crystalline DL-Met (which made up 75% of the total Met in the diet) passed through 
the digestive system and was absorbed and catabolized before being incorporated into tissue protein.  
This may also be supported by the shape of the best-fitting response model.  The relationship between 
the rate of Met gain and rate of digestible Met intake in the fishmeal based diet (Diet FML) was best 
described by a non-linear (2nd order polynomial) equation with an R2 value (data not shown) of 0.992 
(compared with an R2 value of 0.897 for the reported linear relationship required for calculation of the 
partial efficiency).  That of fish fed the Met-supplemented LPC-based diet, however, was significantly 
linear, suggesting the level of Met required for maximum growth had not been reached, despite being 
well in excess of the requirement on a dietary content basis. 
Differences between protein and Met-specific partial efficiencies in the LPCM diet confirm that 
Met was not the first limiting amino acid in this diet.  The coefficient of partial efficiency of Met 
utilization of fish fed the fishmeal-based diet was much higher (0.89) than that of protein utilization 
(0.67), suggesting that dietary Met level was the main driver of Met retention (i.e. protein deposition).  
This would suggest that Met was the first limiting amino acid in these diets, which seems to agree 
with the assertion of Nankervis and Southgate (2006) that Met is first limiting in fishmeal to 
barramundi. On the other hand, fish fed the Met-supplemented LPC-based diet exhibited a much 
lower coefficient of partial efficiency of Met utilization than that of total protein (0.26 compared with 
0.39 for protein utilization), suggesting a proportion of dietary Met was used for processes other than 
protein deposition, possibly catabolized for energy or excreted, and that protein synthesis was 
constrained by a factor other than Met inclusion.  
  
As Met became increasingly limiting in the diet (Diets LPCM vs. LPC), the ability of the fish to 
use the dietary protein was significantly compromised, most likely due to an imbalance of the EAA.  
It has been theorized that a defined balance of dietary amino acids is required for optimal protein 
synthesis (Wilson, 2002), due to the genetically predetermined nature of the amino acid composition 
of specific proteins (NRC, 2011).  According to this theory, when amino acids are not provided in the 
diet in the correct proportions, those which are in surplus are mostly either catabolized for energy or 
excreted as ammonia (Trushenski et al., 2006; Hart et al., 2009).  This was apparent in the present 
study where, despite the diets having similar digestible protein contents, fish fed Diet LPC (LPC-
based diet with no additional Met) exhibited a significantly lower efficiency of protein utilization than 
those fed the Met-supplemented diet.  The deficiency of Met, in comparison to the proposed ideal 
amino acid balance (based on the whole-body composition of the animal), in that diet meant that a 
large proportion of the amino acids derived from the dietary protein were unable to be utilised for 
protein synthesis and deposition.  Where an excess of Met was provided (Diet LPCM), a greater 
proportion of the available amino acids was utilised, increasing the partial efficiency of utilization of 
the ingested protein.   
While fish fed Diet LPC (LPC-based diet with no additional Met), exhibited a poor efficiency of 
protein utilization (a coefficient of 0.06), the efficiency of Met utilization was considerably higher 
(0.32), suggesting Met was the first limiting amino acid in this case and was the limiting constraint to 
the rate of protein synthesis.  It would be expected, then, that the majority of Met ingested from this 
diet would be incorporated into body protein.  This, however, was not the case.  Only 32% of the 
dietary Met was deposited in the protein of these fish (based on the assumption that Met gain is a 
reflection of deposition in the protein), compared to 89% of that provided by the fishmeal-based diet.  
This disparity suggests one of two things: either the Met in this diet is not being released during 
digestion (or is in a form which is unavailable to the animal) or that a proportion of it is being 
catabolized. The protein in lupin protein concentrates, such as that used in this study, was found by 
Glencross (2011) to be highly (98.6%) digestible by barramundi.  However, Glencross et al. (2007) 
found that the processing method (in that case, drying technique) can significantly affect the 
availability of this digested protein, so while it is efficiently digested, it may be in a form which is not 
completely available for protein synthesis.  A more likely reason is that, at such a low inclusion level, 
any catabolism of amino acids, whether for energy or through inevitable catabolism (NRC, 2011), 
would have a significant impact on the amount of Met available for deposition.  It is not known what 
contribution non-essential amino acids (NEAA) or excess EAAs play in fulfilling this requirement for 
energy, however, it was suggested by Encarnação et al. (2006) that NEAAs may not preferentially 
spare EAAs when the rate of amino acid catabolism is high, a situation which was likely the case in 
fish fed this diet, as illustrated by the overall loss of protein across all dietary intake levels.  
Alternatively, perhaps other roles of Met, such as production of SAM or taurine, are prioritized over 
synthesis of protein, although there is no direct evidence of this. 
  
The form of Met too has been suggested in the past to have an influence on utilization of this 
amino acid by fish.  Only the L- isomers of amino acids are able to be utilised directly in protein 
synthesis, however, it is generally accepted that most animals (including fish) utilise dietary D- and L-
amino acids with similar efficiencies (NRC, 2011), with Sveier et al., (2001) finding that D-Met 
significantly improved protein retention in Atlantic salmon (Salmo salar) compared to L-Met and 
Kim et al., (1992) observing equivalent utilization of both forms for weight gain in rainbow trout 
(Oncorhynchus mykiss) (although D-Met was used less efficiently for protein gain in that study).  One 
of the aims of the present study was to compare the utilization efficiencies of L and DL Met by 
comparing the response to the Met-supplemented LPC-based diet (i.e. DL-Met) with that of fish fed 
the fishmeal-based diet (L-Met).  In addition to the interpretation surrounding response to the form of 
Met (crystalline vs. protein bound), the greater PEU of Met in response to Diet FML, compared with 
that Diet LPCM could be interpreted to mean that the L form was being used more efficiently than 
DL-Met for Met (protein) gain. This interpretation, however, could be confounded by the fact that 
Met is probably the first limiting amino acid in fishmeal, meaning increases in its supply will have 
more dramatic effects on deposition, but appears to be in excess in Diet LPCM, as previously 
discussed.  As well, it is difficult to say whether the observed response was due to the form of the Met 
(L vs. DL) or the source (protein bound vs. crystalline) since the DL-Met was not pre-bound.     
The failure to derive a positive maintenance requirement value for Met from the utilization 
efficiency relationship for fish fed the fishmeal and Met-supplemented LPC diets, the best performing 
treatments, was unexpected.  This is particularly surprising for Met, given it is an EAA and is thus 
clearly required to be provided in the diet.  In fact, Mambrini and Kaushik (1995) reported relatively 
high maintenance requirements for sulphur amino acids by rainbow trout.  The limitations of using 
this method to derive maintenance requirements have previously been identified, with Bureau et al. 
(2006) finding it underestimated maintenance energy requirements of rainbow trout compared with a 
factorial approach (although it cannot be said whether the factorial approach is actually more 
accurate).  Had any error been corrected, allowing minor adjustment to the slope of the relationship, 
however, it seems likely that derived maintenance requirements would nevertheless have been 
negligible as was seen for the response to the LPC diet.  The derived crude protein requirements were 
similarly implausibly low, highlighting the complexities of using this method of estimation. 
 
Conclusion 
Methionine appeared to be the first limiting amino acid in both the fishmeal and unsupplemented 
LPC-based diets. It was also apparent that dietary Met source impacted protein utilization efficiency 
when Met was provided in excess, with partial efficiencies of protein utilization being significantly 
greater in fish fed a diet where Met was provided from an intact source of protein (fishmeal) than 
where crystalline DL-Met was the primary source.  This relationship could also be interpreted to 
  
suggest that L-Met was used more efficiently for protein retention than DL-Met, however, it was not 
possible to separate the effect of Met source (protein bound vs. crystalline) and form (L- vs. DL-Met). 
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Table 1. Formulations and analysed compositions of the experimental diets. 
1 LPC: L. luteus protein concentrate: Department of Agriculture and Food, South Perth, WA, Australia. 
2 Fishmeal: Chilean anchovy meal, Skretting Australia, Cambridge, TAS, Australia. 
3 Wheat Flour: Manildra, Auburn, NSW, Australia. 
4 Vitamin and mineral premix includes (IU/kg or g/kg of premix): retinol, 2.5 MIU; cholecalciferol, 0.25 MIU;α-
tocopherol,16.7 g; Vitamin K3,1.7 g; thiamin, 2.5 g; riboflavin, 4.2 g; niacin, 25 g; pantothenic acid, 8.3; pyridoxine, 
2.0 g; folate, 0.8; Vitamin B12, 0.005 g; Biotin, 0.17 g; Vitamin C, 75 g; Choline,166.7 g; Inositol, 58.3 g; 
Ethoxyquin, 20.8 g; Copper, 2.5 g; Ferrous iron, 10.0 g; Magnesium, 16.6 g; Manganese, 15.0 g; Zinc, 25.0 g. 
5 Essential amino acid premix  consisting of (g/kg): L-Isoleucine, 28.2g; L-Valine, 70.4g; L-Histidine, 70.4g; L-







Ingredients (g /kg)    
 Fish meal1  740 - - 
 LPC2  - 545 565 
 Fish oil 100 127 126 
 DL-Methionine  - 18 - 
 Cellulose  4 63 62 
 Wheat flour3 150 150 150 
 Marker (Y2O3) 1 1 1 
 CaPO4  - 20 20 
 Vitamin premix4 5 5 5 
EAA Premix5 - 71 71 
    
Composition (g/kg DM unless otherwise stated) 
Dry matter (g/kg as is)  944 943 971 
Crude Protein  587 576 569 
Digestible Protein 478 490 487 
Lipid  191 197 190 
Ash  100 13 20 
Gross Energy (MJ/kg DM)  225 242 238 
Digestible Energy (MJ/kg 
DM) 187 203 203 
 
Essential Amino Acids    
Arg 31.6 49.6 48.0 
His 14.8 16.4 16.2 
Ile 23.9 20.7 20.1 
Leu 42.8 66.5 66.5 
Lys 38.5 33.6 30.7 
Met 18.2 23.7 5.1 
Cys 6.8 13.7 14.0 
Phe 24.2 25.1 23.2 
Thr 24.7 21.0 19.9 
Val 25.0 20.0 18.8 
Tau 3.4 0.0 0.0 
  
 
Figure 1. Rate of protein gain in response to rate of protein intake by barramundi (Lates calcarifer) 
fed diets containing either fishmeal (FML) or DL-Methionine supplemented (LPCM) or non-
supplemented (LPC) lupin protein concentrate as the primary source of protein. 
 
 
y = 0.6702x - 0.0088
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Figure 2. Rate of methionine gain in response to rate of methionine intake by barramundi (Lates 
calcarifer) fed diets containing either fishmeal (FML) or DL-Methionine supplemented (LPCM) or 
non-supplemented (LPC) lupin protein concentrate as the primary source of protein. 
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Table 2. Response of juvenile barramundi (Lates calcarifer) to variable dietary methionine provided by either fishmeal (FML); or DL-Methionine-
supplemented (LPCM) or non-supplemented (LPC) lupin protein concentrate fed at three ration levels1. 
 Initial 
Fish 
    LPC      LPCM   FML 
Feeding Ration2  Low Mod High Low Mod High Low Mod High 
Fish Performance Criteria (g/fish unless otherwise indicated)      
Initial weight   10.5 10.0 10.5 10.4 10.4 10.3 10.3 10.2 10.5 
 Final weight   8.7a 8.8a 9.2a 14.0b 21.2d 25.5e 17.5c 25.6e 37.3f 
 Feed intake (g/fish/day) 2.9a 6.6bc 9.8d 4.1a 10.3d 15.4e 4.6ab 8.7cd 16.6e 
 Gain  -1.8a -1.2a -1.3a 3.6b 10.8d 15.1e 7.2c 15.4e 26.8f 
 FCR3  -1.64 -5.66 -7.69 1.13 0.95 1.02 0.63 0.57 0.62 
Whole Body Proximate Composition (g/kg as-is unless otherwise indicated) 
Dry Matter 280 260 270 270 300 290 280 270 280 290 
Protein  165.0 156.0 162.0 164.7 183.0 179.8 184.8 164.7 176.4 176.9 
Energy (MJ/kg) 22.4 20.4 20.6 21.5 23.7 24.1 22.0 21.1 23.1 22.1 
Lipid  84.0 70.2 72.9 81.0 90.0 87.0 84.0 67.5 72.8 78.3 
Methionine 4.8 4.1 4.5 4.5 5.3 5.3 5.1 4.8 5.9 5.4 
Partial Utilization Efficiencies         
Protein  0.06 (±0.01)a 0.39(±0.01)b 0.67(±0.01)c 
Methionine  0.32(±0.04)a 0.26(±0.01)a 0.89(±0.03)b 
Maintenance Demand4    
Protein  7.98 -0.002 -0.013 
Methionine  0.054 -0.015 -0.001 
1 Values sharing a common superscript letter are not significantly different (p<0.05). 
2 Feeding ration: Low: 0.2g/fish/day; Moderate (Mod): 0.4g/fish/day; High: 0.8 g/fish/day. 
3 FCR: feed conversion ratio (g dry feed/g wet weight gain). 
4 Maintenance demand (g/kg0.7/d) determined by extrapolation of the linear relationship to 0 = b (x) + a 
 
